Simian virus 40 (SV40) DNA replication dependent on the SV40 origin of replication and the SV40 large tumor (T) antigen has been reconstituted in vitro with purified protein components isolated from HeLa cells. In addition to SV40 T antigen, these components included the DNA polymerase G-primase complex, topoisomerase I, and a fraction that contained a single-stranded DNA binding protein. The latter protein, which sediments at 5.1 S on glycerol gradients and copurifles with two major protein species of 72 and 76 kDa, was isolated solely by its ability to support SV40 DNA replication. The purified system retained the species-speciflic DNA polymerase a-primase requirement previously observed with crude fractions; the complex from HeLa cells supported SV40 replication, whereas that from calf thymus and mouse cells did not. DNA containing the polyomavirus origin of replication was replicated in a system containing polyomavirus T antigen, the HeLa single-stranded DNA binding protein-containing fraction, and DNA polymerase primase complex from mouse, but not HeLa, cells. While crude fractions yielded closed circular duplex DNA, none was detected with the purified system. Nevertheless, the addition of a crude fraction to the purified system yielded closed circular monomer products.
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Replication of simian virus 40 (SV40) DNA requires only one virus-encoded protein, large tumor antigen (T antigen); initiates within a unique, well-defined origin sequence; proceeds bidirectionally; and terminates in a manner thought to be analogous to that utilized by the host chromosome (1, 2) . Replication occurs on a template that is associated with nucleosomes in a structure resembling cellular chromatin (3) . Thus, the study of SV40 and presumably cellular DNA replication should be facilitated by the recent development of in vitro systems that reproduce many key aspects of SV40 DNA replication in vivo (4) (5) (6) (7) (8) . By using such systems, the DNA sequences required 'for origin function in vitro have been identified (9, 10) , the roles of the complex of DNA polymerase a (pol a) and primase in viral replication and host species specificity have been investigated (11) , and a system has been described whereby newly replicated DNA is assembled into a chromatin-like structure (12) .
Genetic and biochemical analyses of prokaryotic systems have revealed a number of activities directly involved in the enzymatic process of DNA replication: origin-specific binding activity, priming and deoxynucleotide polymerizing activities, helix unwinding activity, single-stranded DNA binding protein (SSB) to maintain the DNA in an unwound configuration, primer removal activity, DNA ligase, activities that relieve torsional strain accumulating ahead of the replication fork and resolve daughter molecules, and factors that modify either the template or one of the activities mentioned above to increase their efficiency (13) . With these studies in mind, we have purified enzymes thought to be required for SV40 (and cellular) DNA replication in vivo and used them, in combination with fractions purified from HeLa cell extracts, to reconstitute SV40 DNA replication in vitro.
This report describes the partial reconstitution of SV40 DNA replication in vitro, dependent on a combination of purified enzymes, T antigen, and a fraction derived from HeLa cell extracts that contains a SSB.
MATERIALS AND METHODS
DNA, T Antigen, and Extract Preparation. SV40 ori+ DNA (plasmid pSV01AEP), T antigen, and cytosolic extracts of HeLa cells (20 liters, 1-2 x 106 cells per ml) were prepared as previously described (7).
Purified Enzymes. HeLa pol a-primase was purified to apparent homogeneity by immunoaffinity chromatography (Y.M., unpublished). Mouse and calf thymus pol a-primase preparations were those used previously (11) . HeLa topoisomerase (topo) I was purified by a modification of the procedure of Liu and Miller (14, 15 Binding of single-stranded (ss-) and double-stranded (ds-) DNA was assayed as described for nuclear factor I and adenovirus DNA binding protein (16) Glycerol Gradient Sedimentation. An aliquot of the ds DNA-cellulose fraction was diluted with an equal volume of buffer B and layered onto a 5.2-ml linear 15-30% (vol/vol) glycerol gradient in buffer B containing 0.25 M NaCl and bovine serum albumin (Miles) at 50 ,g/ml. Gradients were centrifuged at 45,000 x g for 23 hr in a Sorvall AH 650 rotor at 4°C. Cytochrome c (1.7 S), aldolase (7.3 S), and catalase (11.3 S) centrifuged under the same conditions were used as standards for calculating the sedimentation coefficient.
RESULTS
Replication of SV40 Origin-Containing DNA with Purified Fractions. Ammonium sulfate fractionation was used to generate two fractions, AS30 and AS65, both of which are absolutely required for activity. The replication activity present in the AS30 fraction, measured by complementation with the AS65 fraction, was further purified by column chromatography on Bio-Rex 70 and dsDNA-cellulose, eluting in a single step in each case. As shown in Fig. 1 , replication activity was efficiently reconstituted after each step. Note also that each fraction, assayed individually, was inactive.
Assays of the ammonium sulfate fractions for activities likely involved in cellular DNA replication indicated that topo I and II, DNA ligase, and RNase H were found predominantly in the AS65 fraction and pol a-primase was distributed equally between the two fractions (data not shown). Chromatography on dsDNA-ceilulose separated residual pol a-primase from the replication activity in the AS30-derived fractions. Substitution experiments with these purified enzymes indicated that a combination of HeLa pol a-primase and topo I effectively replaced the AS65 fraction Froction ( ±I) in complementing the AS30, Bio-Rex, or dsDNA-cellulose fractions (Fig. 1) . Since the optimal amount of AS65 fraction for these reaction mixtures contained 0.1-0.2 unit of pol a and 1000-2000 units of topo I, close to the amounts of these enzymes added in the purified system (Materials and Methods), the substitution is efficient.
Requirements for Replication with Purified Components.
DNA synthesis catalyzed by the purified components was absolutely dependent on T antigen, SV40 origin-containing DNA, pol a-primase, and the dsDNA-cellulose fraction ( Table 1) . Removal of topo I reduced nucleotide incorporation by a factor of 2-3. Linear ori+ DNA was replicated almost as efficiently as RFI. In contrast, this substrate is utilized 1/10th to 1/20th as efficiently by crude fractions (5-7). Like the RFI substrate, replication of linear DNA was dependent on the SV40 origin and T antigen; unlike RFI, but as expected, it was independent of topo I (J.A.B., unpublished observations). An additional requirement for replication with the purified fractions is that the pol a-primase must be from a source (HeLa cells) permissive for SV40 DNA replication; pol a-primase from nonpermissive mouse or calf thymus sources was inactive (Table 1 ). Similar observations have been made with crude extracts: SV40 DNA is replicated only in monkey or human cell extracts, polyomavirus DNA is replicated only in mouse cell extracts (11, 19) . However, nonpermissive extracts could be made permissive for replication simply by supplementation with pol a-primase from a permissive source, suggesting that all other replicative functions could be performed by factors from either permissive or nonpermissive cells. Thus, it should be possible to replicate polyomavirus origin-containing DNA in vitro by using polyomavirus T antigen, the HeLa dsDNA-cellulose fraction, and mouse, but not HeLa, pol a-primase. As shown in Table 1 , polyomavirus DNA was replicated in such a system almost as efficiently as in crude extract. Since none of the other reaction components contain detectable topo I, it is not clear why omission of this enzyme has little effect on replication. From these observations we conclude that the Biochemistry: Wobbe et al. Products from 60-min reactions in the presence or absence of topo I were digested with Dpn I as described previously (7) and separated by electrophoresis on a 1.5% agarose gel containing ethidium bromide at 0.5 jug/ml as described above.
replication of SV40 or polyomavirus DNAs in the purified system retains the properties of species specificity observed in crude systems and that pol a-primase is necessary for determining this specificity. Replication Time Course and Products. The products synthesized at various times in the absence or presence of topo I were examined by agarose gel electrophoresis in the presence of ethidium bromide (Fig. 2 Upper), which causes superhelical and relaxed, covalently closed circular DNA (RFI') to comigrate, whereas nicked DNA has a lower mobility (20) . As with crude fractions (6, 7, 21) , nucleotide incorporation in the purified system lagged approximately 10 min prior to detectable DNA synthesis (Fig. 2 Upper). We have attributed this lag to the formation of a pre-elongation complex involving ori+ DNA, T antigen, and HeLa cell factors (21) . The major discrete products synthesized in the absence of topo I comigrated with nicked circular and linear DNA forms; no covalently closed monomer circular species were observed among the labeled products. These products were resistant to digestion by Dpn I (Fig. 2 Lower), suggesting that they resulted from semiconservative replication rather than repair synthesis (5-7). Products migrating more slowly than nicked circles were also observed. These products were sensitive to Dpn I digestion (Fig. 2 Lower), suggesting that they contain unreplicated regions, possibly representing either repair synthesis or replicative intermediates such as forms (22) . In addition to species comigrating with nicked circles and linears, products resembling multiply interwound catenated dimers of nicked circles (2) were observed migrating more slowly than nicked circles in the presence oftopo I (Fig. 2 Upper). These were also insensitive to Dpn I digestion (Fig. 2 Lower). It should be emphasized that covalently closed monomer-length circular molecules were not observed among the products, whereas in the crude system such species were major products (refs. 6 and 7 and below).
Since crude extracts catalyzed formation of closed circular DNA products and the purified system did not, intermediate fractions isolated during the purification procedure described in Materials and Methods were assayed for the ability to promote formation of closed circular product (Fig. 3) . Covalently closed circles were synthesized only in reaction mixtures containing the AS65 fraction (lanes 1 and 5).
Reactions in which the AS65 was replaced by pol a-primase and topo I, whether they contained the AS30 or the dsDNAcellulose fraction, failed to produce closed circular products (lanes 2 and 4) . Addition (Fig. 4) gradient of NaCl, replication activity was eluted between 1 and 2.5 M NaCl (Fig. 5 Upper) (0.03 mg of protein, 8.1 units) and was not stimulated by the addition of other fractions from the ssDNA-cellulose column. At this stage, the activity has been purified 2700-fold with a yield of 7%. On a glycerol gradient the DNA-binding and replication activities cosedimented as a discrete species of 5.1 S (Fig. 5 Lower) . In both cases, the peak of activity was coincident with two proteins of 72 and 76 kDa visualized by NaDodSO4/polyacrylamide gel electrophoresis ( Fig. 5 Insets) ; a molecular mass close to that predicted for a globular protein of 5.1 S. Both the replication activity and the ssDNA-binding activity in the dsDNA-cellulose fraction were sensitive to heat (til2 = 45 s at 55°C) and resistant to N-ethylmaleimide (5 mM, 5 min, 0C).
Thus, we propose that the active component in the dsDNAcellulose fraction (or the ssDNA-cellulose fraction) is a ssDNA-binding protein(s) with monomer molecular mass(es) of 72 and/or 76 kDa (SSB). We estimate there are a minimum of 2 x 105 molecules of this protein per cell, 5-to 10-fold higher than the estimated number of pol a molecules per actively growing cell (23).
DISCUSSION
We have carried out T antigen-dependent replication of SV40 origin-containing DNA in vitro, using purified enzymes and a fraction derived from HeLa cells that contains a SSB. This activity differs from previously described putative mammalian SSBs (reviewed in ref. 24 ) in several respects. On ssDNA-cellulose, the previously reported proteins were eluted at salt concentrations substantially lower than 1 M, while the activity described here eluted at >1 mM NaCl, reminiscent of the well-characterized SSBs of Escherichia coli and bacteriophage T4 (gene 32 protein) (25, 26) . It also Biochemistry: Wobbe et al.
a---differs in its apparent ability to bind dsDNA, although this may reflect binding to locally melted regions. The protein in the dsDNA-cellulose fraction is substantially larger than the previously described proteins, judged on the basis of its sedimentation coefficient and the molecular weight of the predominant protein species visualized by gel electrophoresis. This protein may serve at least two functions in the replication system: (i) to stabilize the initial melting of duplex DNA carried out by T antigen that is thought to occur prior to the initiation of DNA synthesis (15) ; and (ii) to maintain the DNA in an unwound state, established by helicase action during elongation, thus allowing synthesis by pol a, which cannot by itself replicate through duplex DNA (11) . In fact, this protein replaced E. coli SSB in the origin-dependent DNA unwinding reaction catalyzed by T antigen (15) (F.B.D. and P.B., unpublished observation) and, in combination with T antigen, it stimulated synthesis by pol a on templates containing extensive double-stranded regions (11) (C.R.W., unpublished observation).
The requirement for pol a-primase for nucleotide incorporation is in keeping with data obtained by using crude in vitro systems in the presence of inhibitors (5-7) or after immunoaffinity depletion (11) . In addition, earlier results (11, 19) , and those presented here, suggest that this complex also has a direct role in determining host cell permissiveness for papovavirus DNA replication. This may reflect the requirement for a specific interaction between pol i-primase and T antigen, as has been proposed by others (27, 28 (Table 1) , it may be that negatively supercoiled substrates can be replicated to a significant extent before inhibitory torsional strain is encountered. This may explain why replication of the polyomavirus template, which is three times larger than the SV40 origin template, showed no requirement for this enzyme. Alternatively, an endonuclease contaminant may relax the DNA, obviating the need for topo I.
In a separate report (15) , we have presented evidence that T antigen possesses an origin-dependent DNA melting activity along with DNA helicase activity corresponding to that reported by Stahl et al. (29) . T antigen may therefore be involved not only in the initiation of DNA replication but also in elongation (30) . Thus, despite its apparent simplicity, the purified system described in this report contains activities analogous to most of the previously described activities necessary for nucleotide incorporation in prokaryotic DNA replication in vitro [e.g., the E. coli oriC replication system (31)]: origin-specific DNA binding and melting (T antigen), DNA helicase (T antigen), SSB (dsDNA-cellulose fraction), DNA polymerase and DNA primase (pol a-primase), and DNA topoisomerase. By way of contrast, the oriC system strictly requires a negatively supercoiled DNA substrate and DNA gyrase (31) , whereas the SV40 replication system described here can utilize a linear substrate and appears to have only a partial dependence on topo I.
The lack of covalently closed circles among the products suggests that additional factors, at least some of which are present in the AS65 fraction (Fig. 3) 
